Introduction
Fossil fuel is one of the energy sources that play a major role to keep the modern civilization. However, the exploitation of fossil fuel causes climate changes, which results in various kinds of catastrophes such as global warming. Thus, to meet the growing energy demand and to help solve the environmental problems, biomass has been attracting intense attention lately as a potential renewable energy source. The three main thermal processes available for converting biomass to a more useful energy form are pyrolysis, gasification and combustion [1] . Fast pyrolysis is mostly applied to biomass so as to change its less energy-dense solid form into a liquid form, which is called "bio-oil". Many researchers studied the production of bio-oil from various types of biomass by many fast pyrolysis reactor configurations. The yield of bio-oil could be as high as 80 wt% on dry biomass feed [2] depending on the type of biomass and the reactor unit. Bio-oil, as a renewable liquid product produced by fast pyrolysis process contains lower sulphur and nitrogen compared with fossil fuels. Bio-oil can be used as fuel for heat, power or combined heat and power, or as feedstock in the chemical industry [3] [4] [5] [6] .
Cassava is a perennial plant of the genus Manihot Esculenta Crant. The main sources of cassava are in Nigeria, Brazil, Thailand and Ghana. Typically, cassava is grown for food, industries and animal feed. Lately, cassava is also a feedstock for ethanol production. Residues from cassava plantations include rhizome and stalk. The rhizome and stalk are mostly burnt in the fields and are not efficiently used for energy. Only small part of the stalk is used as a sprout for cassava cultivation. In this work, cassava rhizome is transformed into liquid product by fast pyrolysis process in order to increase the value of the residue. Experiments were carried out in a fluidised-bed reactor unit to investigate the effect of pyrolysis temperature on pyrolysis products.
Experimental methods

Biomass Feedstocks
Biomass sample used in this work is cassava rhizome (CR) from plantations in the north-east Thailand. The sample was sundried, ground and sieved to a particle size range of 250-425 μm. Prior to experiments, the sample was dried in an oven at 105°C for 24 hours to reduce the moisture content to below 10 wt%. Table 1 presents the results of the proximate and ultimate analyses of the biomass sample. The heating values were calculated based on the ultimate analysis results and equations (1) and (2) . The higher heating value (HHV) of biomass is calculated from a correlation developed by Sheng and Azevedo [7] as shown by the following equation:
where C, H are percentages on dry basis of carbon, hydrogen, respectively and O* is 100-C-H-Ash. The lower heating value (LHV) was calculated from HHV and the hydrogen content by the following equation [8] :
LHV dry (MJ/kg) = HHV dry -2.442 * 8.936(H/100)
Fast pyrolysis apparatus
Fast pyrolysis of biomass sample was performed in a fluidised-bed reactor unit. The unit was composed of a pre-heater, a biomass hopper, a two-staged feeder, a fluidised-bed reactor, two cyclone separators, a hot filter and a bio-oil product collection unit (see Fig. 1 ). The reactor was made from a SUS 304 stainless-steel pipe, and its internal diameter and height were 50 mm and 450 mm, respectively. Silica sand with a particle size range of 250-425 µm, was used as the fluidising and heat transfer medium. The pyrolysis vapour produced was cleaned up in the cyclone separators and a hot filtration unit prior to condensation. Pyrolysis vapour was condensed into liquid product by a water-cooled heat exchanger and an electrostatic precipitator (ESP), a series of two dry ice/acetone condensers and a cotton wool filter. . Fig. 1 . Schematic diagram of the fast pyrolysis unit. Table 2 lists the different pyrolysis conditions for each experiment of CR. The experiments were performed under various conditions. The main reaction parameter was the pyrolysis temperature on pyrolysis products.
Experiments design
. Analysis of pyrolysis products 2.4.1 Bio-oil analysis
The bio-oil was characterised by measuring water content, solids content, ash content, density, pH value, elemental composition and heating value. Each analysis was performed in triplicate. The higher heating value on dry basis (HHV dry ) was calculated based on the elemental analysis results using a correlation developed by Channiwala and Parikh [9] as shown by equation (3). The lower heating value on dry basis (LHV dry ) was calculated from equation (2) [8] .
HHV dry (MJ/kg) = 0.3491C + 1.1738H + 0.1005S -0.10340O -0.0211A
(3)
The C, H, S, O and A are percentages of carbon, hydrogen, sulphur, oxygen and ash in bio-oil on dry basis. 
Char analysis
The solid char obtained from cyclone collectors from the experimental runs that gave highest bio-oil yields for biomass feedstock. The char samples were testes for their elemental composition, heating value and ash content.
Results and discussion
Effect of pyrolysis temperature on the product distribution
The effect of temperature on product yields derived from fast pyrolysis of CR in a fluidised-bed reactor unit with the hot vapour filter is illustrated in Fig 2. The yield of bio-oil was maximised at a reaction temperature of 472°C, yielding about 63.23 wt% on dry biomass basis. Results showed that bio-oil yield increased with the increase in temperature and reached a maximum and after that the tendency went the opposite. The char yield reduced with the temperature whereas the gas yield increased with temperature. The reduction of char yields with increasing temperature could be due to the greater primary decomposition of the biomass at higher temperature and/or secondary thermal decomposition of the char formed before being entrained out of the reaction zone [10] . The result is consistent with the result reported by Zheng. [11] where the bio-oil yield of 49-56 wt% on dry basis, was achieved for rice husk pyrolysis in a fluidised-bed reactor. Therefore, it shows that the present pyrolysis reactor unit could produce relatively high yield of bio-oil.
Characterisation of pyrolysis products
Bio-oil
In this work, the bio-oil is characterised by measuring the water content, solids content, ash content, density, pH value, elemental composition and heating value. Each analysis was performed in triplicate. The bio-oil analysis results are summarised in Table 3 . The water content in the bio-oils produced was in a range of 15-24 wt%. The result is consistent with the result made by Kang et al. [12] . In his research, the water contents were within the range of 27-38 wt% was achieved for radiata pine fast pyrolysis in a fluidised-bed reactor with a hot vapour filter. The water content of the filtered bio-oil is consistent with many reported results [13] . The solids content of bio-oil was approximately 0.8 wt%. The ash content of bio-oil was approximately 0.003 wt%. The densities of bio-oil was around 1.1 g/ml. The pH value of the bio-oil products in this work was around 3. Table  3 shows the elemental composition and the heating values of pyrolysis CR. Fig.2 . Effect of temperature on product yields derived from pyrolysis of CR in a fluidised-bed reactor unit with the hot vapour filter. Table 4 shows the characteristics of the char obtained from fast pyrolysis of CR. The char obtained in the experiments have higher heating values of around 25 MJ/kg (dry basis). When compare the higher heating values of char derived from CR with radiata pine, it is evident that they are similar.
Char
